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This thesis addresses present-day tectonics in the Susanville, Cali- 
forma region. Seismicity, including 70 epicenters of the 1976 Susanville 
sequence, is studied to determine local trends. The influence on seismici­
ty of the earth tides is analyzed following previous suggestions that the 
highest correlation between events occurs in a local region with consistent 
•fault trends and times of tidal phase. Origin times of over 4700 after­
shocks in this series are correlated with the tidal phase of the normal and 
shear stress components in the fault plane, and indicate a possible corre­
lation for two large events and their associated"aftershocks.
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Little work has been done on the seismic activity of northeastern Cal­
ifornia. The area is tectonically significant because Cenozolc deformation 
has shifted previously continuous Mesozoic batholiths into diverse posi­
tions (See Figures 2 and 3, Hamilton, 1969b). The originally continuous 
Idaho~Slerra Nevada batholiths have separated into pieces of an S-shaped 
band. The area between these two batholiths, which includes northeastern 
California, may be responding to a stress field distinct from the exten­
sions! tectonics of the nearby Basin and Range* Schaff (1976) found a sig­
nificant component of reverse faulting present in southeastern Oregon. 
During the Cenozoic, the Sierra Nevada block rotated northwestward with the 
Basin and Range forming behind it. North of the Sierra Nevada, rifted 
areas have been filled by Cenozolc volcanism. The four distinct geologic 
provinces in northeastern California are the result of this Cenozolc defor­
mation. They are the Sierra Nevada, the Cascade Range, the Modoc Plateau, 
and the Basin and Range. The boundaries between these provinces are not 
’well defined. Studies of earthquakes in this region v/h 1 ch yield accurate 
locations of events and focal mechanisms, will help define the limits of 
the geologic provinces and the current deformation in this region. In 1976 
a sizeable sequence of earthquakes occurred in this region near Susanville, 
California. This provides an opportunity to study present-day tectonics of 
the area. Thus, a thorough analysis of the Susanville earthquake sequence 
of 1976 will be conducted. Temporal characteristics of the microearth­
quakes of this aftershock sequence will also be studied.
This thesis is divided Into four chapters. Chapter One reviews previ­
ous work done on correlating earthquakes with earth tides. Previous earth­
quake correlations have been of two types: with the elongation* or with 
times of tidal phase*. Studies have been made using worldwide catalogs of 
earthquakes, highly localized swarms or aftershocks, large earthquakes, and 
microearthquakes. The highest correlations between earthquakes and tidal 
triggering were found in studies between elongation or tidal phase and 
events occurring in a small region and with uniform sense of faulting.
Chapter Two deals with the spatial characteristics of the Susanville 
aftershock sequence of 1376. The Cenozoic tectonic history of the Califor- 
nia-Nevada region 1s briefly described. The major characteristics of the 
four geologic provinces are discussed. Historic, seismicity in this section 
of California is mentioned. The locations of the 70 largest events in the 
1976 sequence are shown with respect to mapped faults in the area, and a 
focal mechanism solution for the larger events is given which indicates 
predominantly strike-slip motion with a small component of reverse fault­
ing .
Chapter Three is an analysis of the temporal nature of the microearth­
quakes in the aftershock sequence. The main emphasis oi this phase of the 
thesis is to determine if these earthquakes could have been triggered by 
stress changes due to the solid earth tides. The optimum situation for 
tidal triggering of earthquakes has been observed to be when many earth-
See Glossary, Appendix A.
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CHAPTER 1
PREVIOUS WORK ON CORRELATING EARTHQUAKES WITH EARTH TIDES
Many authors have tried to correlate earthquakes with various natural 
phenomena, Prior to 1930, the times of earthquake occurrence were based on 
re it reports, and data were sparse and imprecise. VanWormer (1967) pre­
pared a review of the work done on the periodicity of earthquakes by early 
researchers which will not be duplicated here. Early correlations of 
earthquakes with magnetic disturbances, meteor showers, temperature, rain- 
fall, barometric pressure, sunspots, and seasonal variations, are detailed 
by Cotton (1922) and included in VanWormer's review.
huch work has been done In trying to correlate the origin times of 
earthquakes with tidal triggering. Earth tides may be significant in 
triggering earthquakes as tidal strain rates can average 0.1 bar/6.fi hours 
i Heaton, 1375) which is two orders of magnitude higher than tectonic stress 
nates in seismic regions (Malone, 1972). This chapter summarizes the pre­
vious work on correlating earthquakes with earth tides.
Early Research
Most of the early (pre-1960) work on correlating the times of earth­
quakes with tidal forces dealt with the study of the origin times of earth­
quakes with respect to the relative positions of the earth, sun, and moon, 
or elongation. The only exception to this type of analysis was Oldham 
(1S02 and 1918), who correlated times of earthquakes with the maximum theo­
retical tidal stresses. A brief summary of this early research follows. 
The origin times of the earthquakes in part A were accurate in most cases 
to the nearest day only. Those in part B were more accurately known and I 
believe they may be more definitive.
A. imprecisely known origin times
According to Cotton (1922), Alexis Perrey first investigated the pos­
sible relation between earthquake frequency and earth tides 1n 1853, He 
compared each day containing one or more felt earthquakes worldwide from 
1/51. to 1850 with the corresponding lunar day. He found more earthquakes 
occurred near syzygy* than near quadrature*. He also correlated the times 
of earthquakes with the distance between the earth and moon and discovered 
more earthquakes near perigee* than near apogee*. In 1896, Knott investi­
gated 8.000 earthquakes in Japan and his results supported Perrey's conclu­
sions that, more earthquakes occurred near times of syzygy and perigee. In 
1302, Oldham calculated the maximum horizontal and vertical tidal stresses 
and found that more of the Assam earthquakes occurred near times corres­
ponding to the maximum change in horizontal stress. His results also indi­
cated a diurnal periodicity to the earthquakes. In 1904, Omori, after stu­
dying 1400 earthquakes near Tokyo, discovered a semidiurnal periodicity 1n 
the earthquake sample and concluded that more earthquakes occurred near the
msridisn passage* of the moon. In 1918, Oldham calculated vertical tidal 
stresses and found that the frequency of Italian earthquakes increased with 
an increase in the total downward tidal stress. For aftershocks of the 
Mino-Owari earthquake of Japan, the earthquake frequency increased with a 
decrease in total downward tidal stress. In view of the above work. Cotton 
concluded that there was a definite relationship between earthquake fre­
quency and tidal stress.
B. more precisely known origin times
Two groups of events were studied by Allen (1929). The first group of 
1/ felt events originated on the Sevier Fault of central Utah. Sixteen of 
these seventeen events occurred when the altitude* of the moon was between
0 a"d 4B de9rees' The secorid data set consisted of 23 large earthquakes in 
southern California. All but three of these 23 events occurred between 
quadrature and the following syzygy. Suspected aftershocks were eliminated 
from this study. Both sets of local earthquakes showed a positive correla­
tion between times of earthquake occurrence and the position of the moon.
Allen (19oS) also worked with 879 events which occurred on or near 
known northwesterly trending faults in southern California. The entire 
group of earthquakes was first split up by time of occurrence, the first 
ilfi, the first 200, the first 300, etc,, to display any significant varia­
tion in lunar control through time. Events were also divided into groups 
of known foreshocks, mainshocks, and aftershocks. According to Allen, "The 
procedure was to tabulate the shocks in the different groups according to 
the lunar-hour angle of the moon at the epicenters, for every thirty de­
grees, and then to apply the Fourier analysis...The epochs (hour angles) of 
-,-v.end harmonic, that associated with the seraidiurnal tidal effect, 
acts as though it were displaying true lunar control." The hour angles of 
the second harmonic were consistently between 48 and 56 degrees for all but 
the first 10S events and the group of foreshocks. Application of 
Schuster's (1897) test for the reality of an observed periodicity also in- 
aicated a true periodicity in the semi-diurnal term. The other harmonics 
varied randomly in hour angle for Increasing amounts of data. These re­
sults led Allen to the cone 1 us i on that some of the shocks on any given
tault in this local region were triggered by lunar tides. Allen also found 
that more of the large events occurred between quadrature and the following 
syzygy. He Interpreted this to mean that the increasing "effective tidal 
stress", defined as that stress which causes a reduction of the fault's re­
sistance, superimposed on the tectonic stress rate was responsible for rup­
ture on a given fault,
Modern Research
knopoff (1964) was the first to correlate times of earthquakes with 
tidai phase. In the tidal phase approach, the origin times of all the 
earthquakes are expressed as functions of the diurnal and semidiurnal maxi­
mal tidal times rather than as functions of the various tidal months. The 
method has the advantage of working with the entire tidal history instead 
0| Just extremal values. Although a few authors since then have gone back 
lO using the relative positions of the earth, moon, and sun as a means of 
correlating earthquakes with earth tides, with the notable exceptions of
Simpson (1967) and Tanrazyan (1974), most of the modern researchers use ei­
ther a tidal phase approach similar to Knopoff or times of maximum tidal 
stress.
Knopoff studied over 8000 local earthquakes in southern California 
from 1334 to 1946. For this time period the maximal and minimal vertical 
tidal accelerations due to the sun and moon were determined. The time in­
terval between sucessive extremal accelerations was divided into one hun­
dred parts. Earthquake occurrence was written in terms of this tidal phase 
time. A ragged histogram resulted. According to Knopoff, "...a smoothing 
of the histogram was made in which the histogram was itself Fourier analyed 
and the first four terms were preserved; that is. terms to periods of al­
most six hours were retained." The smoothed histogram indicated a periodi­
city. For comparison, a set of random events was used in the same calcula­
tion and compared with that of the observable periodicity of the earthquake 
sample. The results showed that one standard deviation from the mean for 
cite random events had greater amplitude than the periodic smoothed earth- 
quaKe sample and indicated that the earthquakes occurred randomly in time, 
Knopoff concluded that there war, no distinguishable correlation between the 
times of earthquakes and the earth tides.
In another study, VanWormer (1967) found an apparent 24-hour periodi­
city for microearthquake activity of the Truckee, California, sequence of 
1966. An exponential decay rate, related to the die-off of the sequence, 
was removed from the data and an autocorrelation was performed on the de­
trended, unsmoothed data to test for true periodicity. Autocorrelations 
were also performed on two random sequences for comparison. The results of
the autocorrelations Indicated periods of 24 and 26 hours for the 390 con­
secutive hours of aftershock data and no periodicity for the random data. 
A second test for periodicity was made using a power spectrum of the after­
shock data. According to VanWonner, "This analysis was unnecessary to 
prove the existence of a primary periodic component, already indicated by 
the autocorrelation, but its higher resolution allowed a more refined ana­
lysis of hidden frequences." This analysis indicated periods of 12 1/2 and 
26 hours. The hourly numbers of aftershocks were correlated with earth 
tides using the vertical component of tidal acceleration at Los Angeles. 
VanWormer determined that differences in latitude, longitude, and oceanic
loading between Los Angeles and Truckee caused the tides to peak 72 minutes 
earlier at Truckee than at Los Angeles. This time lag was taken Into ac­
count in a cross correlation between the earthquake counts and the tidal 
acceleration. The result of the cross correlation led VanWormer to con­
clude a statistically significant correlation between the earth tides and a 
substantial" portion of the Truckee aftershocks, with the maximum rates of 
earthquake occurrence corresponding to maximum vertical acceleration.
Simpson (1967) analyzed the origin times of over 22,000 earthquakes 
with magnitudes greater than or equal to 5.5 which occurred worldwide 
between 1950 and 1963 for possibilities of tidal triggering. Random dis­
tributions were used for comparison. Simpson plotted the frequency distri­
bution of earthquakes as various functions of the positions of the sun and 
moon with respect to the earth. Earthquakes were plotted as a function of 
ten degree increments in the sun-earth-moon phase angle* and as a function 
cf ten degree increments of the angular distance of the moon in its orbit 
from perigee. He also plotted earthquakes as functions of the vertical and
horizontal tidal accelerations due to the sun and moon. In each of the
above-mentioned cases, he found no statistically significant difference
between the set of worldwide earthquakes and the random samples.
bhlien <1972) analyzed several seismic regions using a tidal phase ap­
proach similar to the one used by Knopoff. The times between minimum and 
maximum tides had phases between 0 and 50 degrees, those between maximum 
and minimum tides had phases between 50 and 100 degrees. The origin times 
of earthquakes were converted to these tidal phase times. Plotting the 
numbers of earthquakes as functions of the tidal phase yields a tidal phase 
distribution. lo test the hypothesis that earthquakes were more likely to 
occur at. certain tidal phases, an extended form of Schuster's (18.97) test 
was applied to the tidal phase of the earthquakes. The test estimates the 
first two Fourier components of the tidal phase distribution and determines 
whether these components are statistically large. Results indicated two 
peaks in the tidal phase distribution of earthquakes, which occurred during 
the maximum rate of change in stress. The tidal effects found were not 
constant in time and appeared to be largest in 1966. Shlien concluded that 
the influence of tidal force on earthquake occurrence was minimal.
Malone (1972) examined seven local earthquake sequences, including 
that of Truckee In 1966, for possibilities of tidal triggering. He com­
pared the frequency distribution of the tidal stress* conditions on the 
given fault at the times of earthquakes with a distribution curve for tidal 
stress on the fault taken at hourly intervals during the same period of 
time. The comparison between the two curves is a measure of the difference 
m  the tidal stress conditions at the time of earthquakes as opposed to the
average stress conditions. A consistent deviation between the two curves 
would indicate tidal triggering of events. Malone compared the above 
curves with hypothetical earthquake sequences resulting from random events 
Plus a percentage of events occurring at higher than average tidal stress. 
Comparing the two curves for each of the seven sequences studied indicated 
no consistent differences between the curves. Malone concluded that at 
most five percent of the events In six of the seven sequences could have 
occurred at times of higher tidal stress. Only the Slate Mountain North 
sequence of 1966 showed possibilities of 5 to 10 percent of the events 
being due to tidal triggering. These results indicated that there was lit­
tle. if any tendency for earthquakes to occur at particular conditions of 
higher tidal stress. Malone suggested that the observed periodicity of the 
Truckee sequence found by VanWormer may have been influenced by one or two 
bursts of aftershock activity,
It is the opinion of this author that the method used by Malone would 
not indicate a correlation of earthquakes with earth tides if the earth­
quakes occurred consistently at conditions other than at the times of the 
maximum tidal amplitudes, and that the lack of correlation found by Malone 
for the 1966 Truckee sequence indicates a possible flaw in h1s method rath­
er than an error in VanWormer's approach.
Tamrazyan (1974) studied influences of configuration* on the 1966 
lashkent earthquake and its aftershocks. He found that seven of the eight 
largest events occurred in the quadrants of the new moon or the full moon. 
Also II of the 15 largest shocks occurred within three degrees of the maxi­
mal or minimal apparent declination* of the moon. Although no comparison
With random samples was made In this study, Tamrazyan concluded that the 
Tashkent earthquake and its strongest aftershocks were related to the rela­
tive Positions and orientations of the sun, moon, and earth,
Heaton 0975) studied 107 mainshocks with magnitudes greater or equal 
to 4.0 which occurred on known and well-constrained fault planes for possi­
bilities of tidal triggering. Various functions of tidal shear stress in 
the fault plane were plotted as functions of time and the tidal phase times 
or the earthquakes were determined. Heaton grouped all the events Into 
tour categories depending on depth and type of motion. His results indi­
cated that most of the possible correlation between all events and tidal 
shear stress was due to shallow (less than 30 km) dip-slip or oblique-slip 
earthquakes with magnitudes greater than 5.0 and with more than 30 percent 
vertical motion. Shallow strike-slip events showed no significant correla­
tion with tidal shear stress. Oceanic tidal loading effects were ignored 
iri this study.
Klein <1976) examined swarms of events from submarine rift systems or 
tneir landward extensions. The vertical and horizontal accelerations due 
to the earth tides were calculated and a correlation was made between 
earthquake times and the phase of the semidiurnal tidal acceleration. 
ochuster's (1897) test was used to measure the significance of the correla­
tions. Significant tidal correlations were found in the Reykjanes Peninsu­
la in Iceland, the central Mid-Atlantic Ridge, the Imperial Valley and 
northern Gulf of California, and larger (magnitude greater or equal to 5.0) 
aftershocks of the 1965 Rat Islands earthquake. No tidal correlation was 
found for the Matsushiro, Japan swarm of 1965-1967.
Tidal Triggering of Moonquakes
Latham et al. (1971) separated lunar seismic signals into two dis­
tinct groups. Catagory A contains signals that match each other in nearly 
every detail for their entire duration, whereas in catagory C the signals 
are similar to artificial impacts and do not match each other. With only a
f<?W eXCept1°nS’ they found the cata9°ry A events occurred at monthly inter­
vals near the times of perigee, with a secondary peak in activity near apo­
gee. About 86 percent of the seismic energy released by A events occurred 
in the interval from four days before to three days after perigee. The
tidal correlations of catagory A events led the authors to suggest that
these were moonquakes triggered by tidal strains. The largest moonquakes 
have magnitudes of 1 to 2. Motions of the lunar surface as small as one
angstrom were detected.
Summary
Cases have bees presented which shaved high probabilities that so»e 
events are triggered by tides and others with no possible tidal triggering.
Most large regional „r world.,de studies show no significant correla­
tion between earthquakes and earth tides (Knopoff, 1964, Sl.pson, 1967) 
while localised samples show both no significant correlation (Klein, 1976, 
Malone,1972, Shllen, 1972) and statistical!, significant correlations 
between earthquakes and earth tides (Klein, 1976: VanWorner, 1967), Some 
have found large earthquakes »mre likely to bo ttdatl, triggered (Allen, 
19.16; Heaton. 1975), others have noted positive correlations for »1croe- 
arthquakes ( V a n l W r ,  1967). The .ost convincing case for tidal trigger- 
ing of seismic events involves moonquakes (Latham et a!., 1971).
Based on the above-mentioned studies, the best correlation between 
earthquakes and tidal forces seems to be observed for events which occur 
within a local area and which are associated with known faults whose orien­
tations ate parallel or semi-para 1le1. That component of tidal stress
which supports the acting shear stress on the fault should indicate the hi- 
gnest correlation with the times of earthquakes occurring on that fault 
Plane if tidal stress Indeed triggers earthquakes. Studies involving 
earthquakes from many faults with varying orientations should indicate 
slight or no correlation between the origin times of earthquakes and the
earvh t,des as the effective tidal stresses on the individual faults, when 
considered together, would tend to destructively Interfere.
TABLE 1
Nummary of previous Earthquake-Earth Tide correlations
Investigator Year Type of Correlation with
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CHAPTER 2
SPA UAL CHARACTERISTICS OF THE SUSANVILLE EARTHQUAKE SEQUENCE
The Cenozoic history of the Cal ifornia-Nevada region is briefly des­
cribed below. The Sierra Nevada, the Cascade Range, the Modoc Plateau, and 
the Basin and Range geologic provinces in northeastern California resulted 
from this Cenozoic deformation. They adjoin in the area near Susanville, 
California (See Figure 1, from Gay, 1966). The Susanville earthquake se­
quence of 1976 occurred northeast of the city at the intersection of the 
Modoc Plateau and the Basin and Range provinces, just north of the Sierra 
Nevada province. Historically, the area near Susanville 1s one of low se­
ismicity. However, it is located just north of an active seismic zone 
trending northwest between Truckee and Mineral, California (Klein, 1979), 
me locations of the 1976 earthquakes are described with respect to the ge­
ologic provinces and mapped faults in the area.
Cenozoic Tectonic History
Tne Cenozoic tectonic history of this area is complex as illustrated 
by figure 2 from Hamilton (1969b). According to him, the major bathollths 
have drifted as unbroken blocks and are associated with various tensions! 
features. The Basin and Range province formed behind the Sierra Nevada ba-




v> /  "/ / N  UNITED STATES 




„ Masqeoic borholiths '•
I Culminating magrnotism '■
| Lo re  Cretaceous, 1
Double dashed pattern  
exposures goad, single 
dashed, exposures poor 
continuity inferred '
c C  " -5.
) i ''V-5' j**
. ' \Vt <• I'̂ Nd-V Son Andreas foufr
Franciscan Formation 
Upper most Jurassic to 
Upper Cretaceous ocean  -  
floor sediments, swept 
against continent during 
Cretaceous time. Shown 
onfy where exposed
i  I
■ Euqeosyriclinal rocks 
Ordovician!?) tc Jurassic 
ensimatic materials, strep! 
against Continent during 
Triassic and Jurassic time. 
Shown only where exposed
SO'
Confocfs
Jo  she a  where covered
0 i
2 Km isobath
Arrows indicate local rotative 
motion within Cenot*oic time
1000 KILOMETERS
__L
Id ^ ; s dc ^ « s 7c° t i S : ™ ^  a & i W  Narth A^ ica
th°1,th: “ e R 1 w  PU,n ^  ‘he Idaho bathollth; and the Gulf
"f l'S,'f°r'” a b6h,"d the southern Ca 1 If ornla-Ba Ja California batholith 
The Sierra Nevada and Kla.ath Mountain have rotated ooontero1.ckw.ee and 
»»ed obligee,y northwestward fro, the continent., Interior. The Basin and 
Ra„9e province for.ed by frag, e „ t a t o f  continents, crest between the 
viable continental craton and the Sierra Nevada block. The crest of
the Basin and Range has been aug.euted by Cenacolc volcanls,. farther 
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Closl„0 the apparent rifts and the Basin and Range extension and stra­
ightening the orocllna, folds of the Klamath Mountains and northeastern Or­
egon restores the tectonic provinces to the paleogeography of Late Creta­
ceous time (Figure 3, fro. Ha.llton, 1969b). This reconstruction was based
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Geologic Setting
As mentioned previously, the Cenozoic deformation of western North Am­
erica is reflected in the four geologic provinces of northeastern Califor­
nia. The Sierra Nevada block has rotated northwestward with the Basin and
Range forming in its wake. North of the Sierra Nevada. Cenozoic rifting
was filled by volcanics related to the Cascade Range and the Modoc Plateau. 
A description of these four geologic provinces follows. The material on
Figure 3
Late Cretaceous paleogeographic map of western North Amovira 
2?To^'HanTntSn\°1969bS)"eVerSed t0 this map fro. Fl«ur-
t!" Pr°V!nce ,s tak»" fro. McMath (1966) while the ..tenia!
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Cic rocks with remnants of older mafir ni„f„ • ,
mat 1c Plutonic rocks, metavolcanics, and
metasedimentary rocks.
la the northeastern Sienna Nevada the terrain ts predominant1, volcan­
ic geosynclina 1 fill. Lok. grade regionally metamorphosed Paleoaoic, Trias- 
slc. and Jurassic marine sediments underlie „uch of the area. Locally 
younger granitic plutons and Tertiary volcanics occur. The northern part
=f the Sierra Nevada is covered by Tertiary volcanics associated with the 
Cascade Range and the Modoc Plateau.
ihe Cascade Range is the westernmost province. It extends northward 
■from the Sierra Nevada through Oregon, Washington, and into British Colum­
bia, trending slightly east of north for most of its extent. This trend 
changes south of Ml. Shasta. Here the Cascade Range intersects and is 
parallel to the Sienra Nevada. This southern portion of the Cascade Range 
is underlain b, the Sternan block and may have shared the uplift history of
the Sierra Nevada rather than that of the northern part of the Cascade 
Range.
In California, the Cascade , x
^  Ra"9<’ C°"S,Sts of M r o « n„
- ... * » • * .  h M f c * .  « * . « . .  and dacite are „ so fou„d . W H h
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SBearat,0„ between tbe Cascade Range and the Modoc Plateau to the east
’’ The "°r‘h 'K”'th"eSt trendi"9 f"U,t ” "ck canges of the
° 3 “ “ '!<le’’d ,nt° the CaSCSd« »»“ th. Intervening basins are
i b, ..iconics related to the Cascade Province. The basins contain
widespread basalt flogs. small shield volcanoes, steeper sided co.posite 
cones, coder cones and lake deposits resulting fr„  the disruption of pne- 
...us drainage by volcanis, or faulting. The oldest rocks are of Miocene,
.0 possibly Oligocene age. wh,,e the youngest are Recent. Faulting and
volean col.,noted late Miocene or Plioceno and has continued into Re-
cent.
A large number of north to northwest trending faults dominate the 
Structure of the Modoc Plateau. Most of the faults are normal with little
»r no suggestion of strike-slip „.t,„„ but there is evidence for major
right-lateral movement on the i ikelv FanH t„ +u .<
L1Kely hauU ir> the northern section of the
Modoc Plateau,
In the southeastern part of the Modoc Plateau occur many small shield 
volcanoes of basalt and basaltic andesite. These appear to be younger than 
the highly faulted Pliocene rocks in the fault blocks but older than the
the Pleistocene lake bed'; •,
d-  The are considered to bo of ,ate p „ -
oceoe or Pliocene and Pleistocene age s, ,
. , u 9°- S'reral »f those mountains i „
between Honey Lake and tho Madeline Pla,„s .
The northern Basin and Range a broad rone of nearly evenly ,.paced
semi-parallel mountain ramies whi u * . ”
h trefld north-northeast and are bounded 
on one or both sides bv steonlv At i mounded
f . -P y ipplng normal faults. The basement rocks
of the western region consist n-f ,
°W 9Tade r 1 ona1ly metamorphosed eugeo- 
synclinal sediments and volcanic rocks nf p t
C f0l-ks Qf Pa1e02°ic to Mesozoic age with
extensive bathollths of late Mesozoic to early Can ,
, . . to early Cinozolc age. The complex
" b,0Ck fiUH,n9 b- “  «  ** to 01 igocene time
“ , S,,"U'ta"MUS tlU,"S "f « »  —  block, faulting formed most
ot the ranges since Miocene time This fa u. ■
‘ 'h,b faultln3 represents major late O -
nozo.c crustal extension and is still continuing. The faults have complex
Patterns with a mixture of generally north-sooth burst and grabeo blocks
and conjugate northwest right-lateral and northeast left-lateral faults 
(Slemmons, 1967; Shawe, 1965).
strike-slip motion is prevalent on faults along the
“eSter” b°“"dan' “f t!“  B«<" -  «ange. This western zone . band of 
h'Sh seismicity and represents , transition zone between the Sierra Nevada 
and the Basin and Range. The zone follows the easternmost boundary of Cre­
taceous granitic plutons and corresponds with the beginning „f lhe „est„ard 
thickening of the crust (fcne.th the Sierra Nevada (Scholz et a l 1971). 
This regiun extends as a loft-stepping, on echelon zone of discontinuous 
north-south faults between the Garlock fault zone in the south and the 
Honey Lake basin the north. The e„ echelon pattern suggests a
right-slip regional motion, although the faults are
a i suits are generally vertical tn
dipping 60E, normal to Mght-obl1qUe 3lip fau1t„ (n,
p ,au1ts Clemmons, 1373). The se-
acl,? y °f tMs — — »■» -  —  
r  " w r *£,w“ fr™ the ^ > * » « « .  The indivldual
^  a°  f*# H  SeS”e"tS 1,3,6 '“ * h .  *  «  to 200 k„. They sht>„
P7 ,S ”r,C f  LIP to S 00 7 ,elers; a„d
indicate maximum magnitudes of 7,0 to a n Ka ,
. , ...... . 8,0 based on the magnitude-rupture
length-mxlM, dlspace.ent relations of sie,»„„s (1977)_
K’e,B (,37^, ■>'«- « . » . c  ,ooes which intersect near
Hi nera 1, California. These cooes arc shown i„ FlgBrl 4. The
northwest-trending cone Passcs through both Trochee end Miners!, California
and extends along the , ,
- transition zone between the Sierra Nevada and the
western Basin and Range.
The Walker Lane cone „f northwest trending right-lateral faults ex­
tends fro. Las Vegas to northeastern California and Is shown l„ Figure 6 , 
■l.e cone divides the Basin and Range into a northeastern region of .ainly N 
0 to N 20 degrees Worsts and grabens of d,p-s„p character fro. the 
south-western region of .ore eguant, variable trending fault blocks and 
conjugate slip faults. The northeastern segment of the Walker Lane aone is 
composed of many splays of linear, steeply dipping faults of inferred 
right-slip character. The segment between the Honey Lake basin and Wads­
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ff
N«vada~Bas1n and Range boundary zone showina the u u  
Lane Honey Lake lineament, and associated fault® tL  S  '* 
Nevada province Is indinteri i-,>, + t . ea,T u !ts* me Sierra
Cascade Range by 1 ght e r s t i ^ l  o P* t ter " ’ the
r te features o / J X e s l * * - 5 ^ T
Lake, -R- fur 5 S L . f T  f?r Pjra" ,d
1976fsS!IS,UH U ,!^ ; B^ ri!h^ kb; aU s"tar.The ,0'*t
Historic Seismicity
Htst 0 H „ n y ,  the ar6a -ear Suss„v1„ e , Cal,f„rn,a has to .oderate
Se,S" ,C,tj- T0PP”2a<ia » * * >  thr.. siceublc earthW akes pr.or to
1900 in the vicinity of Susanvill» i j
,U> based «• felt '•eports of intensity. An 
- „ t  of P-ob.blc „a9„itUde 6.0 occorred !876 „ear the Fort Sage ^
In loao. an event or magnitude 5.6 occurred 15 km east of Susan-
vi He, while in 1883 a matin iturio c; K .
magn.tudc 5.5 event occurred 10 km northwest of Su-
sanvilie.
Worldwide epicentre] data pathored by the National Geophysical „„„ 
Soldi Data Ce„ter of the Nal)ona, 0cean,c an . Ati>ospheHc m _
mini strat ion <N0M, is stored on .apnetic tape. A search of the NOAA epi­
center tape found 910 Mrthquakes near Susan.i1le between 39.6 and 41.6
north latitude and between 119.6 and 121.8 west latitude from 1910 to
19/5. Most of these events are located within the broad northwest trendina 
seismic zone between Truckee and Mineral, California (Klein, 1979). Many 
of these events have magnitudes less than 3.0 and were associated with the 
Fort Sage aftershock sequence of 195,0. Shown in Figure 6 are 189 events 
with magnitudes greater than or equal to 3.0, located between 40.0 and 41.0 
north latitude and 120.0 and 121.4 west longitude. The three events locat­
ed by Toppozada are indicated by stars in the figure. The largest 
Post-1900 event in northeastern California occurred in the Fort Sage Moun­
tains in 1950 and had a magnitude of 5.6. Nine events of magnitude 4.0 to 
4.5 occurred during this earthquake sequence, as well as 65 events with 
magnitudes between 3.0 and 4.0. The Doyle earthquake of February, 1979 oc­
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Figure 6, Historical seismicity (magnitudes greater or equal to 3.0) of 
northeastern California. NOAA epicenters from 1910 to 1975 are 
shown by circles, pre~1909 events located by Toppozada are in­






r or ec!ua"! to 3.0 occurred, all in 
3 eight pre-1374 events which had 
1 sequence near Eagle Lake and two 
outheast portion of the Modoc Pla- 
n this thesis, has been relatively 
sequence occurs 1n this region of 
snts greater than or equal to mag-
The Susanville Earthquakes of 1376
ville, California. Seventy aftershocks with magnitudes greater than or 
equal to 1.0 occurred between June 23 and July 19. As the aftershocks con­
tinued. staff members of the University of Nevada Seismologica1 Lab em­
placed a temporary seismic array encompassing the epicentral region. The
INSTRUMENTATION: Short period (1.0 second) vertical component seis­
mometers were installed at Fredonyer Peak (FRD), east of Eagle Lake, and at 
Shaffer Peak (SHP), located north of Honey Lake. Both these stations were 
relayed to a third site on Susanville Peak (SUE), and all three were re­
corded on analog magnetic tape with common WWVB time code. The array oper­
ated until July 7, 1976, recording more than 4700 aftershocks.
largest aftershock in the series had magnitude 4.1 and occurred at 1545 GMT 
on June 24, shortly before three portable seismic stations were installed
Transmission from station FRO „ „  lost after the first d„, -
• 1 ->t day of recording;
station SHP transmitted data throo0h duu, a . station SUE remained 
operational throughout most of the records per,„d with a few hours
of excessive background noise.
FAULTS: Mapped faults (Hill et al., 1964, W w M >  Ho„ „  , 
and Eagle Lake are shown Figore 7. The Antelope Koontain Fault is par­
allel to the primary trend of faults the area of rough,, Mew. Nea,
Hone, Lake a seconder, trend of .bout N70W occurs. Tho longest fault shown
parallel to this trend is the Litchfield Fault. South of Hone, Lake the
northwest trending .one of the Walken Lane also changes to a more wester,, 
d i rect i on.
North of the intersection of the Antelope Mountain Fault and the 
Litchfield Fault is an area where the regional northwesterly trend of 
faulting is obscured by many smaller northeast trending faults. Almost all 
of the locatable aftershocks of the Susanville sequence occurred in this
area of complex faulting as shown by the dots representing epicenters in 
this figure.
AFTERSHOCK LOCATIONS: Seventy events between June 20 and July 19, 
1976 were located within the aftershock zone. The magnitudes ranged from 
the maInshock of 4.5 to roughly 1.0 . Events were located using the seism­
ic array of the University of Nevada north of Lake Tahoe, near Truckee, 
California and the temporary array in the aftershock zone. Also, readings 
from the U.S. Geological Survey network near Oroville, California and sev­
eral University of California, Berkeley stations, especially Mineral, were 
used. The locations of the above-mentioned stations are shown in Table 2.
1
Figure 7. Mapped faults near Susanville, California from HH1 et al.
( 1.964) showing the locations of the temporary seismic stations 
and epicenters of the 1976 sequence.
TABLE 2
Nations Used in Location Procedure
Station Code Latitude Longitude
Battle Mountain BMN
Berkeley BRK




Fine Gold Gulch OFIG





Ka1serv i 1 le KVN
Katskill Hill OKAT
Kyburz Flat KBF




















































Univ. of Nevada 
Univ. of California 
U3uS Qrovilie network 
USGS Oroville network 
USGS Orovi Me network 
USGS Oroville network 
USGS Orovilie network 
USGS Oroville network 
epicentra1 region 
Univ. of Nevada 
USGS Orovilie network 
Univ. of California 
Univ. of Nevada 
USGS Oroville network 
Univ. of Nevada 
USGS Oroville network 
Univ. of Nevada 
Univ. of Nevada 
Univ. of California 
Univ. of Nevada 
USGS Oroville network 
Calif. Dept. Water Res. 
USGS Orovi1le network 
USGS Oroville network 
epicentra! region 
USGS Oroville network 
epicentra! region 
USGS Oroville network 
Univ. of Nevada 
Univ. of Nevada 
Univ. of Nevada 
Univ, of California 
USGS Oroville network
,NtVL0C2 is the location Program used in this analysts. It is the 
standard Program for Bulletin locations uestern Nevada. The Pr.,ra. 
utilises a 30 k. layer with P-wa„ velocity 6.10 k„/s and S-wa„ velocity 
3.66 ku/s over a half-space kith P velocity 7.90 k„/s and S velocity 4 50 
k»/s. All available FN, PG, and SG arrivals at the stations listed in the 
above Table were read. Readings were weighted b, the clarity of the picked 
arrivals, however, the arrivals at the stations of the temporary seisisic 
array were consistently given a higher, doubled keight. In the location 
procedure, the origin time of an event was initially estimated from avail­
able S-P times and allowed to vary in the calculation along with the trial 
latitude, longitude, and focal depth. Different subsets of data yielded 
different epicentral locations and a variety of origin times. The effect 
of varying these data subsets is described below.
When events were located using all available readings at all possible 
stations the epicenters were clustered together as shown by the locations 
of 29 events in Figure 8a. These 28 events, listed in Table 3, and subsets 
oi them were also located using homogeneous subsets of the available read­
ings, The epicenters located with each of these subsets indicated strong 
northeasterly trends and are shown in Figures 8b, c, and d. Figure 8b 
shows events located using PG only from the stations HBT, MIN, DRV, GRAT, 
WtN, and WDC with the focal depths fixed at 7 km. Figure 8c shows events 
located using PGs as in Figure 8b along with SGs from MIN, ORV, and WCN 
will; focal depths fixed at 7 km. Figure 8d shows events located using PGs 
as in Figure 8b with the PG from SUE, To determine which set of locations 
are a more accurate representation of the aftershock zone, the clustered or 


















using all readlnJrJf“o»"9al f  l u a n a b l e ^ a t l o n ^ ’b)'13”  ’ 5*
s a r a r a y jr : rr
from MIN.DRV. and WCH with th« focal d.»Jl, , b 1 “nS ",th 3Gs
using PCs as In »  along Sith t W G  atlSl M?*- • d>
glnal set of readings minus most of the i|c V  \  !ng-the ° M -
stations, minus all 5G readina- frnn n  n '•'e°'°9icai Survey 
minus al, readings with sen, „ ? *  traue ” t t e " , ! ’ *-«
culated. If the Upper treed ,s reel, the,, there eheeld . substantial 
eeout in arrival t . « s far statics southwest „f the trend versus n.r- 
thwest, estimated to be 2.05 seconds per 10 k„ ale,, tre„d for jtj.
t.an pairs ORV and WDC. The maxima, moveout in arrival times for these tea 
stations Is 3,7 seconds. Indicating a maximum spread of 18 k» along the 
northeast trending zone. These arrival time differences indicated that the
locations of the events may not be as widely separated as those showing the 
linear trends in Figures 8b, c, and d.
times recorded at the Oroville network were inconsistent with 
those recorded in the Truckee network. This led to large variations among
the inferred epicenters depending upon how many S-P times were available
from each network; see event 21 in Table 3. For this event, the origin 
flue interred using the standard Basin and Range model using 3 SG-PG obser­
vations from the Truckee network was 5.87 seconds versus 8.32 seconds for 4 
SG-PG observations of the same event at the Orovllle network. This discre­
pancy is too large to be explained entirely by poor readings, and must re­
present a failure of the Basin and Range model for PG and SG in the Sierra 
northeast of Orovllle. To minimize this discrepancy, SG readings from the 
Oroville stations should be given little or no weight in the origin time 
determination. A more reasonable representation of the aftershock zone is 
that of Figure 8e, which shows events located using the entire group of 
readings minus most of the USGS network, minus all SG readings from the 
Oroville network, and minus readings which showed residuals greater than 
one second. The locations shown in Figure Be are those shown with respect 
to the mapped faults in Figure 7 and are used consistently in the remainder 
of this thesis. The average value for the travel time residuals for these 
locations is 0.32 seconds.
TABLE 3































Using all readings 
■'Figure 8a)
40.497 120.520 1.4 
40.471 120.513 10.f 
40=464 120.526 17.5




40.447 120.528 10.f 
40.435 120.551 16.3 
40.494 120.523 1,1 
40.468 120.514 10.f 
40.459 120.644 23.9
40.463 120.511 7.8 
40.457 120.530 8.7
40.456 120.738 10.9
40.461 120.530 2.8 
40.474 120.526 11.5 
40.439 120.514 7.7
40.464 120.521 11.3 
40.473 120.510 10.1
40.481 120.501 11.1 
40.498 120.514 11.8
40.456 120.530 11,9
40.448 120.526 5.1 
40.452 120.528 11.6 
40.509 120.532 6.f
40.464 120.549 8.6
40.461 120.518 9.5 
40.488 120.509 5.4
Using PG only 
from subset 
(Figure 8b)
40.520 120.510 7,f 
40.601 120.443 7 ,-f 
40.463 120.522 7.f 
40.467 120.555 7.f
40i477 120.495 7.f 
40.539 120.520 7.f 
40.472 120.519 7.f
40.456 120,521 7.f 
40.508 120.516 7.f 
40.492 120.515 7.f 
40.525 120.519 7.f 
40.486 120.511 7.f 
43.529 120.464 7.f
40.446 120.755 7.f
40.456 120.525 7,f 
40.475 120.524 7.f 
40.592 120,280 7.f 
40.519 120.499 7.f 
40.607 120.419 7,f 
40.568 120.439 7.f 
40.467 120.525 7.f 
40.472 120.535 7.f 
40.434 120.510 7.f 
43.459 120.542 7.f 
40.350 123.663 7.f 
40.539 123.524 7.f
40.447 120.556 7.f 
40.453 123.537 7.f
Using PG and 
some 5G 
(Figure 8c)
40.517 120.479 7.f 
40.498 120.488 7.f 
40.431 120.552 7.f
40.442 120.518 7.f 
40.487 120.515 7.f 
40.462 120.516 7.f 
40.374 120.571 7.f
40.478 120.536 7.f 
40.473 120.524 7.f
40.467 120.509 7.f 
40.440 120.735 7.f 
40.454 120.515 7.f 
40.459 120.522 7.f 
40.472 120.455 7.f 
40.469 120.520 7.f
40.600 120,394 7.f 
40.508 120.479 7.f 
40.461 120.521 7,f
40.447 120.521 7.f
Using PG plus 
PG at SUE 
(Figure 8d)
40.487 120.511 11.5 
40.529 120.464 13.3 
40.456 120.747 9,4 
40.436 120.543 0.3 
40.475 120.524 9.6 
40.595 120.277 19,3 
40.519 120.498 13.4 
40.590 120.433 15.8
40.498 120,504 13,3 
40.464 120.528 4.9 
40.471 120.536 14 0
40.498 123.504 13.3 
40.451 120.540 12.1 
43.444 120.583 5.f 
40.540 120.523 10.3 
40.449 120.554 4.4
Using subset of 
readings 
(Figure 8e)
40.506 120.503 1.7 
40.525 120.440 6.f 
40.453 120.543 21.4 
40.473 120.520 15,2 
40.524 120.426 b.f 
40.480 120.492 b.f 
40.511 120.515 6.f
40.506 120.492 6,f 
40.448 120.549 30. 






40.474 120.537 5.4 
40,494 12.0,515 12.4
40.482 120.515 11.7
40.483 120.512 11,9 
40.4/8 120.496 10.3 
40.481 120.506 9.0 
40.500 120.523 8.5 
40.467 120.520 13.1 
40.470 120.E19 8.4 
40.457 120.526 11.0 
40.512 120.615 6.f 
43.489 120.515 9,0 
60.465 120.538 7.3 
40.436 120.5i3 4.0
40.458 120.520 7.f
FOCAL DEPiHSi When the focal
- Toca! depths are projected onto planes perpen­
dicular to the fault planes obtained in the focal mechanise solution, there 
is no tendency for the hypocenters to line up ,n the direction of dip, 
Figure 9 is a map view of the events showing the conjugate fault planes ob­
tained from the focal mechanism, In Figure 10a the depths of the events 
are projected onto a plane perpendicular to N46E. In Figure 10b the depths 
of the events are projected onto a plane perpendicular to N62W. Symbol 
S1ce indicates the relative magnitudes of the events. There is no distinct 
trend to the depths, however most depths are between 7 and 15 km. This is 
consisent with depths of events in western Nevada (Ryall and Savage, 1969). 
The events may be located on different causative faults within the region, 
the choice of configuration of the aftershock zone may be inaccurate, or 
the above-mentioned crustal model used in the location program may not be 
appropriate for this area. The focal depths may not be well-defined as 
only station SUE operated continuously in the epicentral region. SHP 
transmitted data for four days, FRO for only one. The next closest station 
was MIN, roughly SB km distant.
Tne two largest events, the mainshock of magnitude 4.5 and the after­
shock of magnitude 4.1 are the shallowest of the events, with depths less 
than 2 km. These shallow depths may be artificial as there is no station 
coverage to the north and the temporary array had not yet been established. 
Ii may be possible that these events occurred deeper and further south, ro­
tated in such a way that the distances to the available stations remained
constant.
o
figure 9, Map view of the 1976 epicenters showing the strikes of the c n -  
jugate fault planes of the focal mechanism solution.
rOCAL MECHANISM: A lower hemisphere stereographic projection of first 
motions (P-phase) is shown In Figure 11. This is a composite plot using 
two events, the main shock and a large aftershock which included data from 
the temporary stations. Compressions are shown as closed circles and dila­
tations as triangles. The axes of maximum compression and extension are 
indicated by P and T respectively. The conjugate fault planes are N46E 
dipping 50NW and N62W dipping 70SW. Because of the complex pattern of 
faulting in the aftershock region, it is not possible to determine which of 
these planes is the fault plane, although the epicenters show a diffuse 
northeasterly trend.
LfiI, KH^ROTHTED BY 46
50 NW
Figure 10a. Project 1 an of bypocenters
"ees
^  6,p' 53
o
' >yUre 1'-rb* Projection of bypocenters on the plane parallel to the dip, 70 
degrees SW, of the conjugate plane striking NG2W,

Although two events were used to construct this plot it 1s consistent
with most of the larger aftershocks. Of the 24 largest events, 21 
with this mechanism for any station for which the sense of first 
could be determined, while 3 events were inconsistent.
agreed
motion
STATION ADJUSTMENTS: It »as „„t p„ssib,e to „ake .ft,., adJust,„ontS 
for the temporary stations as neither teleseisms with clear arrivals nor 
nuclear events occurred during the operation of the network.
Discussion
The 1.97b Susanvtile earthquakes occurred In a region of relatively low 
seismicity in northeastern California, at the intersection of the Modoc 
Plateau and the Basin and Range, South of Honey Lake, the Sierra 
Nevada-Basin and Range boundary zone is a seismically active northwest 
trending zone following northwest trending faults (Klein, 1.979). North of 
coney Lake the pattern of faulting is more complex. The regional trend of 
northwesterly faults is intersected by short, northeast trending faults. 
The 1^76 events are located in this area of complex fault patterns. As 
with both the 1948 Verdi earthquake (located at the intersection of the 
Last Chance Fault and the Dog Valley lineament (Bell et al., 1977)) and the 
1966 Truckee earthquake (at the southern end of the Dog Valley lineament 
near a zone of northwesterly faults (VanWormer, 1967)), the SusanvUle 
events are located at the intersection of two distinct fault trends.
The aftershocks show no pattern of migration through time within the 
aftershock zone and the epicenters do not line up but are rather scattered
throughout the zone of activHv
activity along a diffuse northeasterly trend, al~ 
th0ush th. Via 1 tty of the solutions .d.lts othon I n t e r p r e t s T h e  
depths of the events show no trend when projected along the planes of the
dips of the conjugate planes obtained fro. the focal pechanls. solution, 
but these are probably quite unreliable.
The focal mechanism shows east-west extension and north-south compres­
sion with predominant strike-slip motion typical of the northern San Andre­
as system (Bolt et al., 1963). It indicates right-lateral motion on the 
northwest striking plane or left-lateral motion on the conjugate northeast 
iking plane. ihere is also a small component of reverse faulting pre­
sent. This is not consistent with typical Basin and Range faulting; 
however, reverse faulting is present in the focal mechanism determined by 
Schaff (1976) for the Adel, Oregon swarm near the Californla-Oregon-Nevada 
borders. Basin and Range faulting is predominantly normal with some obli­
que-slip <Ryall and Malone. 1971). Klein (1979) has found earthquakes at 
Lassen Peak, within the Cascade Range, to be dominated by normal faulting.
CHAPTER 3
POSSIBLE TIDAL TRIGGERING
As inaicated by the studies presented in Chapter One, the highest 
correlations between earthquakes and earth tides is observed for local 
earthquakes which occur within a United tine period and elongation or 
tidal phase. This chapter deals with correlating the origin tl.es of the
aftershocks of the 1976 Susanville earthquake sequence with times of tidal 
phase.
As mentioned previously, over 4700 aftershocks were recorded by. the 
local seismic array during the two weeks it was operational. Figure 12 is 
a plot of the number of events per hour plotted as a function of the time 
In hours from 0000 GMT June 25, 1976. The decay rate of the activity 1s a 
combination of the exponential decay rate associated with the malnshock 
which occurred five days before time zero and the decay rate associated 
with the largest aftershock which occurred nine hours before time zero, 
ihe large spike near 210 hours represents 73 events in the hour following a 
shock of magnitude 3.8 on July 3rd. Because such a high number of events 
occurred within such a localized spatial and temporal framework, the re­
gional stress should have remained essentially constant and small changes 












































Theoretical values of the surface vertical stress due to the earth 
t-,des were calculated for 15-minute intervals during the period of after­
shock activity, using the program in Appendix 3, The resulting function 
was separated into times of tidal phase by setting the time of each maximum 
equal to zero degrees phase and dividing the times between successive maxi­
ma into 360 degrees, as shown in Figure 13. In this analysis, five degree 
increments of tidal phase were used.
ihe origin times of the 4700 events were converted to the appropriate 
tidal phase times. The number of events in each five degree increment of 
tidal phase is shown increasing radially outward in Figure 14. The qua­
drant surrounding the maximum amplitude of the vertical tidal stress, 
between 30 and 120 degrees, has a mean value of 65.2 events. The quadrant 
oi minimum amplitude from 120 to 210 degrees has a mean value of 56.1 
events. The quadrant of maximum stress decrease between 30 and 120 degrees 
has a mean of 5/.3 events while the quadrant of maximum stress increase 
between 210 and 300 degrees has a mean value of 76.6 events. The mean va­
lues and the standard deviations of the numbers of events in each of these 


















figure 13. fheoret ica1 vertical tidal str 
Qt t!me (^  hours), to illustr at Susanville as a times of tidal phase. function
figure 14. Plot of the number of events (Increaslna 
outward) per five degree Increment of 
theoretical vertical tidal stress......
non linearly radial 
the tidal phase of t
270
TABLE 4
Tidal Component lidal phase mean number of standard 
,.lufdrant in de9- events/quadrant deviation
theoretical vertical
stress at surface
normal stress on the 
plane striking N46E
shear stress on the 
plane striking N46E
effective stress on 
plane striking N46E
normal stress on the 
plane striking N62W
shear stress on the 
plane striking N62W
effective stress on 
plane striking N62W
210 to 300 76.6 12.6300 to 30 65.2 10,830 to 120 57.2 7.8120 to 210 60.8 9.4
210 to 300 75.0 5.5300 to 30 64.5 10.1
30 to 120 62.5 10.6120 to 210 60.7 9.6
205 to 295 76.0 12.1
295 to 25 63.3 9.8
25 to 115 60.6 10.9
115 to 205 62.7 9.9
210 to 300 75.1 11.3
300 to 30 64.2 8.6
30 to 120 61.4 8.6
120 to 210 61.6 10.9
195 to 285 76.8 11.8
285 to 15 63.4 8.9
15 to 105 60.7 8.9
105 to 195 61.4 11.9
215 to 305 74.3 14.6
305 to 35 64.6 10.0
35 to 125 60.7 7.2
125 to 215 62.5 14.9
180 to 270 76.3 13.1
270 to 0 63.2 8.0
0 to 90 61.8 7.9
90 to 180 60.8 10.9
Although the »ean value of the numbev of earth,uakeo is highest i„ the 
quadrant of Mwt.um vertical stress Increase and lowest In the quadrant of 
vertical stress decrease, with interstate values near tl.es of 
maw 1 mum or minim,™ tidal stress, the standard deviations within each qua­
drant are large. The larger number of events between 210 and 300 degrees
of tidal phase Is not statistically significant. The large number of
events In this quadrant may Indicate some correlation between the origin
tiiaes o t  earthquakes and the Increasing tidal stress and deserves further
study.
Further Analysis
These preliminary results indicated a need for a more thorough ana­
lysis of the earth tides and their relationship with the origin times of 
the Susanville earthquakes. The preliminary analysis involved comparisons 
of microearthquake origin times with theoretical vertical earth tidal 
stress. However, ocean loading effects may account for as much as 33 per­
cent of the observed tidal amplitude and phase in an area as far from the 
Pacific coast (275 km) as Susanville (K. Priestley, personal comm., 1973), 
An attempt to account for this effect is discussed next.
The oceanic loading effects are dependent on the shape of the coast­
lines and the sire and shape of the ocean basins and are therefore very 
difficult to compute (Priestley, 1974). The theoretical results of oceanic 
loading of the 01 and M2 tides were obtained from Dr. C. Beaumont of Dal- 
housie University and added to the theoretical earth tidal strain tensor. 
This modified tidal strain tensor should differ from the observed tidal am-
pnturfe and phase by no more than 22 percent (Beaumont 
i979) 11 the assumed theoretical values of X13, X23, 
were set equal to zero, are, 1n reality, negligible and 
used 1s appropriate.
. personal comm., 
X31, and X32 which 
the ocean model





where the reference coordinate system is North-West-Up,
Using Hooke's Law the strain tensor is multiplied by the appropriate 
elastic constants to obtain the stress tensor. By assuming homogeneity and 
isotropy Hooke's Law becomes (Mase, 1970)
StressC ij)=lamda*theta*de1ta(1j)+2*mu*X(1j) 
where lamda is Lame’s constant in dyn/cm**2, mu Is the rigidity in 
dyn/cm*"2, delta(ij) is the Kronecker delta, and theta is the dilatation,
Accoi ding to Malone (19/2), two variables must be considered when exa­
mining earthquake triggering criteria. They are shear stress and normal 
stress on the fault plane.
Following Malone's approach, the stress components were expressed re­
lative to the outward directed normal and slip vectors of the two planes of 
the Susanville focal mechanism solution. The normal and shear stress com­
ponents in each plane were determined in Appendix B. Positive values of
the normal stress indicate a reduction of compression on the fault plane. 
The shear stress is calculaed in the direction of slip on the fault plane. 
An "optima sum of these stresses, used by Malone, the shear stress plus 
•6 of the normal stress, was calculated. This combined stress represents 
an increase in the shear stress and a corresponding decrease in the normal 
compressive stress where the term .6 is the coefficient of friction of 
granite. The normal, shear, and optimal stresses were separated into times 
of tidal phase, as explained previously, for each of the possible fault 
planes. In this analysis, as before, five degree increments of tidal phase 
were used. The origin times of the 4700 microearthquakes were converted to 
times of tidal phase for each of the six stress functions: the normal, 
shear, and optimal stresses for each plane. Figures 15 through 17 show the 
number of events in each five degree increment of tidal phase for these 
various stress functions.
Figure 15a shows the number of events in each five degree increment of 
tidal phase for the normal stress on the fault plane striking N46E and dip­
ping 50NW. Figure 15b shows events as a function of the tidal phase of the 
normal stress on the fault plane striking N62W and dipping 70SW. Figures' 
16a and b show the number of events versus the tidal phase of the shear 
stress on the planes striking N46E and N62W, respectively. Figures 17a and 
b show the numbers of events as functions of the combined stress used by 
Malone, the shear stress plus .6 of the normal stress, for each of the 
fault planes. In each of these figures, 15 through 17, the 90 degrees con­
taining the maximum number of events was determined visually and the fig­
ures were divided into quadrants. Table 4 shows the tidal phase times of 
each quadrant for each figure, as well as the mean values and standard de-
Figure 15. Plot of the number of events (nonlinear) per five degree incre­
ment of tidal phase of the normal stress on the fault planes, 
a) values for the plane striking N46E, dipping 50NW, b) values 
for the plane striking NS2W, dipping 70SW.
30 °
Figure 16, Plot of the number of events (nonlinear) per five degree 1ncre- 
ment of tidal phase of the shear stress on the fault planes, 
a) values for the plane striking N46E, dipping 50NW, b) 'values 
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viations of each quadrant.
For each correlation between the number of events and the appropriate 
tidal phase component, more events occurred between 200 and 300 degrees of 
tidal phase than at other times. These tidal phase degrees correspond to 
times between a minimum tidal amplitude and the followirng maximum, or to 
times when the tidal stress 1s increasing in value. The numbers of events 
In this interval, although larger than in any other Interval, are not sta­
tistically significant because of the large standard deviations in each 
quadrant. Within even one standard deviation, the mean values of each qua­
drant may be statistically considered to be equal. When the number of 
events per five degrees were smoothed with a triangular filter
N < i ) = . 2 6 N ( 1 - 1 ) + . 5 N < i > + . 2 5 N < 1 + 1 )
the means of each quadrant remained approximately equal to the originals 
and the standard deviations decreased. However, the standard deviations 
were still too large for a statistically significant difference to exist 
between the means. Using standard statistics, no significant variation can 
be found in these figures.
Cross correlation of earthquakes and tidal functions
A secona analytical technique was employed to determine whether or not 
the earthquake time series contained the tidal periods. Positive results 
would indicate more events occurred at 12 or 24 hour increments which could 
then better explain the tidal phase diagrams on Figures 15 through 17. In 
this analysis the earthquake time series was filtered with a nonrea11zable, 
phaseless filter (boxcar in the frequency domain) to retain only periods
between 6 and 48 hours, a window which would contain all tidal periods con­
sidered here. This filtration removes some of the exponential decay caused 
by die“0ff of the aftershocks and tempers spikiness associated with bursts 
of aftershocks. A cross correlation was made between the filtered earth­
quake series and each of the three tidal stresses on both fault planes. A 
set of random data was also filtered and cross correlated with the tidal 
stresses Tor comparison. The unfiltered earthquake data is shown in Figure 
18a, the filtered earthquake series in 18b, the filtered random numbers 1n 
18c, and a "typical" tidal function, in this case, the optimal stress on 
the plane striking N46E, in 18d. Values of the cross correlation coeffi­
cients are shown in Table 5 for this analysis.
0 50 J00 hours
9 18, Junctions used In crosscorrelation* a) unfiltered earthquake
tnne series, b) earthquake time series filtered to retain only 
periods between 6 and 48 hours, c) filtered set of random 
numbers, d) optimal stress on the plane striking N46E. Note 
that no phase shift results from these filtrations.
TABLE 5
Values of cross correlation coefficients.
— — — -- — ---- — •--------- ■------— __ ______________________
Tidal component used Filtered set 
in cross correlation of earthquakes




normal stress on the 
plane striking N46E
0.0317 0.0193 0.0133
shear stress on the 
plane striking N46E
0.0290 -0.0430 0.0362
effective stress on the 
plane striking N46E
0.0349 -0.0046 0.0245
normal stress on the 
plane striking N62W
-0.0221 -0.1090 0.0108
shear stress on the 
plane striking N62W
-0.0143 -0.051 -0.0030
effective stress on the 
plane striking N62W
-0.0211 -0.099 0.0080
Because or the extremely low values obtained in the preceding cross 
correlations, one may conclude that the earthquake time series contains no 
more diurnal or semidiurnal components than a set of random data. Because 
at this result, it was necessary to re-examine the tidal phase distribu­
tions which indicated more events corresponding to times of increasing 
stress on the fault, planes. Since there is no periodicity throughout the 
aftershock sequence, the increase in events between 200 and 300 degrees of 
tidal phase may be due to sharp increases in aftershock activity. Figure 
12 shows two such bursts of activity near 210 and 275 hours. These two 
bursts, the one on July 3rd, the second on July 6th, contributed 255 events 
to the tidal phase between 200 and 300 for the theoretical vertical tidal 
stress, roughly twice the average rate of earthquake occurrence for the en­
tire sequence. The first of these aftershock bursts was triggered by an 
event of magnitude 3.9 at 1945 GMT on July 3rd. The second was caused by 
an earthquake of magnitude 3.0 at 1047 GMT July 6th. These two shocks, and 
their associated aftershocks, can account for an average of 12 events per 
i ive degree increment of tidal phase which is greater than the entire 
difference in the means shown in Table 4.
Although the entire set of aftershock origin times shows no correla­
tion with the earth tides, the two bursts of aftershock activity near the 
end of the sequence occur at times corresponding to the maximum rate of in­
crease in the tidal stresses. The possibility remains, then, that these 







Trie Susanville earthquake sequence occurred in 1976 with a mainshock 
on dune 20 and ever 4700 aftershocks which continued through mid-July. The 
bU largest events, with magnitudes greater or equal to roughly 1.0, were 
located using stations in the epicentral region, the University of Nevada, 
Reno seismic network, and readings from stations of the University of Cali- 
ior iiia, Berkeley and the U.S. Geological Survey,
When all readings from all available stations were used in the loca­
tion program, the epicenters were clustered northeast of the town of Susan- 
vllle in an area where the regional northwesterly trend of faulting is dis­
sected by numerous short northeasterly trending faults. Using homogeneous 
subsets of the available readings the relative epicentral locations show a 
strong northeasterly trend as illustrated by Figures 8b, c, and d. Several 
events with greatly varying epicentral locations showed origin time differ­
ences of greater than two seconds depending on the data subset used in the 
location. Event number 21 shown in Figures 8a through 8e and listed in 
Table 3 illustrates these changes. The discrepancy in origin times in­
ferred using either Oroville or Truckee net readings is most likely due to
the Inapplicability of the standard Basin and Range model for the path 
between Susanville and OrovUle. which is almost exclusively Sierra Neva­
dan, To minimize this discrepancy, SG readings from the OrovUle stations 
were given no weight in the origin time determination.
lo decide which of the sets of locations shown in Figure 8 were more 
reliable, the differences in PG arrival times at WDC and ORV were calculat­
ed for each event with good readings. This indicated that the epicenters 
may not be separated by the large distances shown in Figures 8b, c, and d. 
Mar,y ^he ^SGS stations were removed from the location routine to attempt 
to eliminate any bias introduced by the large concentration of stations 
near OrovUle. To better define the aftershock zone, SG readings from sta­
tions in the Orovilie net as well as any readings showing travel time resi­
dua is greater than 1.0 second were not used in the location procedure, The 
epicentral locations obtained using this data subset are shown in Figure 
8e. which are here adopted as the best ones. These modified locations are 
less tightly clustered than the locations using ail available data, and the 
northeasterly trend which predominated the locations using homogeneous sub­
sets of data, is present, but subdued.
Projecting the focal depths onto the planes perpendicular to the fault 
planes obtained in the focal mechanism solution showed no tendency for the 
hypocenters to line up in the direction of dip. No distinct trend was in­
dicator for the depths, however most depths are between 7 and 15 km. The 
events may be located on different faults within this region,, which con­
tains many short faults of varying orientations. The focal depths may not
be well-defined as only the station SUE operated continuously in the epi-
centra] region, and given the above-mentioned difficulties 1n computing the 
epicenters.
The focal mechanism solution yields conjugate fault planes of N46E 
dipping 50NW and N62W dipping 70SW. Extension is predominantly east-west 
with north-south compression. Strike-slip motion predominates, Indicating 
right-lateral motion on the northwest striking plane or left-lateral motion 
on -he northeast striking plane. This is consistent with major strike-slip 
motion on the Likely Fault in the northern portion of the Modoc Plateau 
(MacDonald, 19o6). There is a small component of reverse faulting Indicat­
ed by this focal mechanism which may not be significant, however, reverse 
faulting ;s also present in the focal mechanism determined by Schaff (197S) 
for the 1968 Adel, Oregon swarm.
Much work has been done attempting to correlate the origin times of 
earthquakes with the earth tides. Table 1 summarizes this research. 
Previous work indicates that the highest correlation between earthquakes 
and earth tides is observed between events which occur on a single fault or 
a group of parallel faults in a localized region and either elongation or 
tidal phase. The Susahville sequence occurred in a highly localized area 
and seemed to be a likely candidate for correlation with earth tides. With 
over 4700 aftershocks within three weeks, the Susanville sequence was ana­
lyzed for possibilities of tidal triggering.
Theoretical values of the surface vertical stress at Susanville were 
calculated from June 20 to July 20, 1976. The resulting tidal time func­
tion was separated into degrees of tidal phase and the origin times of the
aftershocks were converted to tidal phase times. Figure 14 shows the re­
sult of the analysis. The higher concentration of events in the quadrant 
corresponding to the times of increasing tidal stress indicated a possible 
correlation between these earthquakes and the earth tides. To study this 
possible correlation, the normal and shear stresses acting on each of the 
two fault planes were calculated. The origin times of the aftershocks were 
expressed as functions of the tidal phase of these tidal stresses. Figures 
15 through 17 show the results of this analysis.
For each correlation between the number of event's and the appropriate 
tidal function, more events occurred between 200 and 300 degrees of tidal 
phase than at any other time. Because of the large standard deviations 
shown 1n Table 4 this concentration of events, occurring In the quadrant 
correspondlng to times when the tidal stress functions were increasing, 
cannot be proven to be statistically significant. When a triangular filter 
was applied to the tidal phase distribution of the events, the mean values 
of each quadrant remained virtually unchanged while the standard deviations 
decreased. The amount of decrease was still not great enough for there to 
be no statistical overlap between the means of each quadrant. Using stan­
dard statistical analysis, the mean number of events in each quadrant of 
the tidal phase functions may be considered to be equal.
Although there is no statistical evidence that a correlation exists 
between the origin times of the aftershocks in this sequence and the earth 
tides, the fact remains that more of the events occurred in the times co>—  
responding to increasing tidal stress in the direction most likely to cause 
failure on the given fault planes. Because of this higher concentration of
events, another method of analysis was used to determine whether or not the 
earthquake series contained periodic components near those of the earth 
tides. In this analysis, the earthquake time series was filtered to retain 
all periods between 6 and 48 hours and to reduce the effects of exponential 
decay of the aftershock sequence. A cross correlation between the this 
i i itered earihquaKe series and each of the six tida I stress functions used 
in the tidai phase analysis gave extremely low values for the cross corre­
lation coefficients. A cross correlation between a set of filtered, random 
used for comparison gave similar values of the correlation coefficients. 
Ihis result indicated that the earthquake series contained tidal periods 
with power not significantly different than would be expected in a series 
of random numbers.
To attempt to explain the higher number of events in the tidal phases 
between 200 and 300 degrees, the tidal phase times of two bursts of activi­
ty were studied. These bursts are shown in Figure 12 near 210 and 275 
hours which correspond to 1945 GMT July 3rd and 1047 GMT July 6th, respec­
tively. The highest number of events in each of these bursts corresponds 
to a tidal phase of beween 210 and 290 degrees for the theoretical vertical 
tidal stress function. These two events and their associated aftershocks 
can account for the entire difference between the means of the tidal phase 
quadrants shown in Tabled, This shows that the higher number of events in 
the tidal phases between 200 and 300 may be due entirely to these two 
bursts of aftershock activity. Because both bursts of activity correspond 
to the same tidal phase, and this tidal phase corresponds to times when the 
effective tidal stress is increasing, some evidence exists for tidal 
triggering of these earthquakes. Because there are only two such bursts of
activity, no definite conclusions can be drawn; the times of these bursts 
may be coincidental, ihe possibility remains that these aftershock bursts 
may have been triggered by the earth tidal stresses.
APPENDIX A 
GLOSSARY
Altitude! Angular distance above or below the horizon, measured along a 
vertical circle, to a celestial object.
Anomalistic Month: The period of revolution of the moon about the earth 
with respect to the perigee point.
Aphelion: ine place in the orbit of a body revolving about the sun where
it is farthest from the center of the sun.
Apogee: Point in its orbit where the moon is farthest from the earth.
Ascending Mode: The point along the orbit of the moon where it crosses 
from the south to the north of some reference plane, usually the plane 
of the celestial equator or of the ecliptic.
Azimuth: The angle along the celestial horizon, measured eastward from 
north to the intersection of the horizon with the vertical circle 
passing through an object.
Celestial Equator: The circle of intersection of the celestial sphere with 
the plane of the earth's equator.
Celestial Longitude: The angle measured eastward along the ecliptic from 
the vernal equinox to the hour circle passing through a celestial ob­
ject .
Celestial Poles: The intersections of the celestial sphere with the 
earth's polar axis.
Celestial Sphere: Apparent sphere of the sky centered on the observer, 
with the vertical axis toward zenith.
Configuration: Any one of several particular orientations in the sky of 
the moon with respect to the sun.
Declination: The angular distance north or south of the celestial equator 
to some object, measured along an hour circle passing through that ob­
ject .
Diurnal: Daily
Earth~Sun-Moon Phase Angle: Elongation.
Eccentricity of an ellipse: Ratio of the distance between the foci to the 
major axis.
Ecliptic: The apparent annual path of the sun on the celestial sphere.
Elongation: The difference between the celestial longitudes of the sun and 
the moon.
Hour Angle: The angle measured westward along the celestial equator from 
the local meridian to the hour circle passing through an object.
H°Ur celestial^olef ^  Ce1estia1 sphere Passing through the
Inclination of the moon: The angle between the orbital plane of the moon
and some fundamental plane— usually the plane of the celestial equator 
or of the ecliptic. H
Longitude of the Ascending Node: The angle measured eastward from a refer­
ence direction (usually the vernal equinox) in a fundamental plane (u- 
sually the plane of the celestial equator or of the ecliptic) to the 
ascending node of the orbit of a body.
Meridian Passage: Time when the hour angle is equal to zero.
Nadir. Ihe point on the celestial sphere 180 degrees from the 2enith.
Node: The intersection of the orbit of a body with a fundamental plane- 
usual iy the plane of the celestial equator or of the ecliptic.
Nodical Month: ihe period of revolution of the moon about the earth with 
respect to the line of nodes of the moon's orbit.
Perigee: The place in the orbit of the moon where it is closest to the 
center of the earth.
Perihelion: The place in the orbit of an object revolving about the sun 
where it is closest to the center of the sun.
Quadrature: The configuration of the moon in which its elongation is 30 
degrees (first or last quarter).
Right Ascension: A coordinate for measuring the east-west positions of 
celestial bodies; the angle measured eastward along the celestial 
equator from the vernal equinox to the hour circle passing through the 
body.
Secular: Not periodic.
Sidereal Day: The interval between two successive meridian passages of the 
vernal equinox.
Sidereal Month: The period of the moon's revolution about the earth with 
respect to the stars.
Sidereal Time: The local hour angle of the vernal equinox.
Synodic Month: The period of revolution of the moon with respect to the 
sun; or its cycle of phases.
Syzygy: The configuration of the moon in which its elongation is 0 or 180 
degrees (new or full).
Tidal Phase Time: The time obtained in the following manner: the tidal
function being considered (a component of the stress or strain ten­
sors) is plotted against time. Each maximum value is assigned 0 de­
grees phase time. The time interval between successive maxima is d1- 
videu into 360 degrees, !he hourly values of time are then expressed 
as degrees of tidal phase, or tidal phase times.
Tidal stress: I he term Malone uses for a component of traction caused by 
the earth tides thought to correlate with times of earthquakes.
Vernal Equinox: Fhe point on the celestial sphere where the sun crosses 
the celestial equator passing from south to north.
Zenith: fhe point on the celestial sphere directly overhead an observer.
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lHIS PROGRAM WAS WRITTEN BY C. HARRISON AT THE UNIVERSITY OF 
COLORADO, IT COMPUTES THE ZENITH ANGLE FOR BOTH THE SUN (ZAS)
AND THE MOON (ZAM) ACCORDING TO THE THEORY PRESENTED BY 
L0NGMAN(1959). EARTH TIDAL CALCULATIONS, J. GEOPHYS. RES.,
64(12),2351-2355.
THE PROGRAM THEN CALCULATES THE APPROPRIATE DERIVATIVES TO 
DETERMINE THE X11.X22, AND X12 STRAIN COMPONENTS.
THIS PROGRAM WAS MODIFIED BY A. MOHLER (1979) TO INCLUDE 
THE EFFECTS OF OCEANIC LOADING UPON THE PACIFIC COAST 
OBTAINED FROM C. BEAUMONT OF DALHOUSIE UNIVERSITY.
THE STRAIN VALUES IN THIS PROGRAM ARE EXPRESSED AS STRAIN*10**9.
PROGRAM TIDE(TAPE6,TAPE7,TAPES,TAPE46,TAPE62)
COMPONENTS OF THE SURFACE STRAIN TENSOR ARE WRITTEN TO TAPES. 
COMPONENTS OF THE SURFACE STRESS TENSOR ARE WRITTEN TO TAPE7. 
STRESS COMPONENTS ON THE FAULT STRIKING N46E DIPPING 50NW ARE 
WRITTEN TO TAPE46.










SH IS THE ELEVATION ABOVE SEA LEVEL IN METERS.
ANG=90.
ANG IS THE AZIMUTH FOR WHICH THE TIDAL STRAIN IS TO 













DELT IS THE INCREMENT, IN HOURS, FOR WHICH THE TIDAL 
STRAIN IS TO BE CALCULATED.



















f S UnS’-DATTmiAirE^ n îARY SEISMIC ARRAY IN THE AFTERSHOCK ZONE 
OPERATIONS FROM JUNE 25 THROUGH JULY 7, 1976. IN THIS
STARTING K f  2 * 9 7 6 ? " ™  TI“ES ARE “ “  F0R 15 °A¥S’
R IS THE NUMBER OF DEGREES IN ONE RADIAN.
! ^ I S  THE MEAN DISTANCE BETWEEN CENTERS OF EARTH MOON.
,1/Rp1 13 THE meAN DISTANCE BETWEEN CENTERS OF EARTH SUN










23.452 IS THE INCLINATION OF THE EARTH'S EQUATOR TO ECLIPTIC. 
5.145 IS THE INCLINATION OF THE MOON'S ORBIT TO EQUATOR.
RSTA IS THE DISTANCE FROM SITE TO CENTER OF THE EARTH.
6.37827E8 IS EARTH'S EQUATORIAL RADIUS IN CM,
RSTA = SORT!1.7(1,+0.006738*SINLAT**2))*6.37827E8+100.*SH 
IYEAR»IYEAR-1900 
WRITE(6,1000)
F0RMAT(9X,*COMPONENTS OF STRAIN TENSOR*)
WRITE(6.2000)
FORMAT(6X,*H0UR *,8X,*X11 *,8X,*X22*,8X.*X12*,8X,*X33* ) 
WRITE(7,3000)








FORMAT!6X,‘STRESS COMPONENTS ON PLANE STRIKING N62W*)
WRITE!62,4001)
IEXTRA = (IYEAR-1)/4
T=(365. * IYEAR + IEXTRA+ IDAY+IHR/24. -0.5)/36525-DELT/24./36525.
T IS OF JULIAN CENTURIES FROM GREENWICH,NOON 12/31/1899.
TIME=-DELT 

































o THE REFERRED EQUINOX.
H IS MEAN LONGITUDE OF SUN.
P IS THE MEAN LONGITUDE OF LUNAR PERIGEE.
AN IS LONGITUDE OF MOON'S ASCENDING NODE IN ITS ORBIT 
RECKONED FROM THE REFERRED EQUINOX.
PS IS MEAN LONGITUDE OF SOLAR PERIGEE.
FI IS THE ECCENTRICITY OF THE EARTH'S ORBIT,
S=(270.43659+481267.89057*T+0.00198*12+0.000002*T3) / R 
H=(279.69668+36000.76892*T+0.0003*T2) / R 
P=(334.32956+4069.03403*T-0.0,1032*T2 -0.0000PT3) / R 
AN=(259.18328-1934.14201*T+0.00208*T2+0.000002*T3)/ R 




CAPI IS INCLINATION OF MOON'S ORBIT TO EQUATOR.
FNV IS LONGITUDE IN THE CELESTIAL EQUATOR OF ITS INTERSECTION 




SINALFA = SINW *SINN / SINI 
FNV = ASIN(SINSI*SINN/ SINI)
COSALFA= COSN*COS(FNV)+ SINN*SIN(FNV)*COSW 
ALFA=2. * ATANCSINALFA 7(1.+ C03ALFA))
SIGMA = S-AN + ALFA
SIGMA IS MEAN LONGITUDE OF MOON IN RADIANS IN ITS ORBIT 
RECKONED FROM ASCINT.
TLONGM IS THE LONGITUDE OF MOON FROM ASCINT.
TLONGS IS THE LONGITUDE OF SUN IN ECLIPTIC FROM VERNAL EQUINOX. 
CHI IS THE RIGHT ASCENSION OF MERIDIAN OF THE SITE 
RECKONED FROM ASCINT.
CHI 1 IS THE RIGHT ASCENSION OF MERIDIAN OF THE SITE 
RECKONED FROM VERNAL EQUINOX.
ZAM IS ZENITH ANGLE OF MOON.
ZAS IS ZENITH ANGLE OF SUN.
1/RDM IS DIST BETWEEN CENTERS OF EARTH MOON.




CHI =(15.*(IHR+(J-l)*DELT-12.)-SLONG)/R + H - FNV 
CHIP CHI + FNV
COSZAM=SINLAT* SINP’tSIN(TLONGM)+ COSLATS,(0.5*C 1+COSI )KCOS(TLONGM- 
XCHD+ 0.5*( 1—COS I )*C0S(TLONGM +CHI))
COSZAS=SINLAT*SINW”SIN(TLONGS)+ COSLAT"(0.5*(l+COSW)"COS(TLONGS - 
XCHI1 )+0.5*( l-COSW)*COS(TLONGS + CHID)
RDM=RC*(1. +.0545*DCOS(S-P)+.00297*DCOS(2.*< S-P)>+.01002ftDCOS(S+P-2 
X P H )+.00825'*DCOS( 2. *( S-H)))






B=0.5*< 1. +COSI )*CQS(TLQNGM-CHI )+0.5*< 1-COSI )*COS(TLONGM+CHI)
C=SINW*SIN(TLONGS)
D=0.5*(1.+COSW)*COS(TL0NGS-CHI1)+0.5*(1,-COSW)*COS(TLONGS+CHIl)
Xll=2.504E24*RSTA*RDM**3*(6. *L*(A**2-B**2)<'(C0SLAT**2~ SINLAT** 














c X22 IS THE E-W HORIZONTAL TIDAL STRAIN.
C




XI2 IS THE HORIZONTAL SHEAR STRAIN.
C
C





2LTiHE3 CIFIC COASTLINE ARE ADDED TO THE ABOVE THEORETICAL 














C TM2 IS THE PERIOD. IN HOURS, OF THE M2 TIDE.






















TAKEN FROM FARRELL.W.E.(1972). DEFORMATION OF THE EARTH BY 
SURFACE LOADS, REV. GEOPHYS,, 10(3), 761-797.
FOR THE GUTENBURG-BULLEN EARTH MODEL, FARRELL USES 0.3311 
FOR THE VALUE (LAMDA/SIGMA),
X33 IS THE VERTICAL TIDAL STRAIN. IT CAN BE CALCULATED FROM 
THE SURFACE AREAL STRAIN AND THE LAME PARAMETERS, LAMDA AND 









THE FOLLOWING PORTION OF THIS PROGRAM IS TAKEN FROM:
MALONE,S.D.(1972).EARTH STRAIN MEASUREMENTS IN NEVADA AND
POSSIBLE EFFECTS ON SEISMICITY DUE TO THE SOLID EARTH TIDES, 
UNIV. OF NEVADA, RENO PH.D. THESIS.
THE RESULTANT STRAIN FIELD IS THE TENSOR
Xll X12 0 
X21 X22 0
0 0 X33
USING HOOKE'S LAW THE STRAIN TENSOR IS SIMPLY MULTIPLIED 
BY THE APPROPRIATE ELASTIC CONSTANTS TO OBTAIN THE 
STRESS TENSOR:
S(10)=A!IOKL)*X!KL)
BY ASSUMING HOMOGENEITY AND ISOTROPY, THE 81 ELASTIC 
CONSTANTS REDUCE TO 2.




WHERE LAMDA IS LAME'S CONSTANT IN DYN/CM**2 
MU IS RIGIDITY IN DYN/CM**2 
DELTA!10) IS THE KRONECKER DELTA 
DELTA!IJ)=0 FOR I NOT EQUAL 0 
=1 FOR I EQUAL 0











FROM THE STRIKE AND DIP OF THE FAULT PLANE THE DIRECTION 




WHERE A IS THE STRIKE OF THE FAULT PLANE MEASURED FROM 
NORTH TO WEST. AND B IS THE DIP OF THE FAULT PLANE 
FROM HORIZONTAL.














































WHERE SUMMATION CONVENTION IS FOLLOWED.
TO OBTAIN THE STRESSES NORMAL TO THE FAULT PLANE THESE 
COMPONENTS ARE MULTIPLIED BY THE DIRECTION COSINES:
S(NORMAL)=T(I)*COS(THETAI)
OR S(NORMAL)=S(IJ)*COS(THETAI)*COS(THETAJ)
TO OBTAIN THE SHEAR STRESSES ON THE FAULT IN THE DIRECTION 
OF FAULT MOTION, THE STRESS COMPONENTS ARE MULTIPLIED 
BY THE DIRECTION COSINES OF THE AUXILIARY PLANE POLE IN 








WHERE G IS THE STRIKE OF THE AUXILIARY PLANE POLE 
MEASURED FROM NORTH TO WEST AND D IS THE DIP 
OF THE AUXILIARY PLANE POLE FROM HORIZONTAL.
THE SIGN OF THE SHEAR STRESS WILL DEPEND ON THE TYPE 
OF FAULT MOTION. FOR REVERSE OR THRUST FAULTING THE 
SIGN IS POSITIVE, IF THERE IS ANY COMPONENT OF NORMAL 
FAULTING THE SHEAR STRESS MUST BE MULTIPLIED BY -I.
S(TOTAL) IS A COMBINATION OF THE NORMAL AND SHEAR STRESSES.
S(TOTAL)=S(SHEAR)+.6*S(NORMAL)
THIS REPRESENTS BOTH A REDUCTION IN THE NORMAL COMPRESSIVE 
STRESS AND AN INCREASE IN THE SHEAR STRESS WHERE .6 IS 
THE VALUE OF THE STATIC COEFFICIENT OF FRICTION IN 
GRANITE UNDER HIGH NORMAL SREESSES.
FOR THE SUSANVILLE EARTHQUAKES, THE FOCAL MECHANISM 
SOLUTION YIELDS CONJUGATE PLANES OF N46E DIPPING 50NW 
AND N62W DIPPING 70SW. BECAUSE OF THE COMPLEX PATTERN 
OF FAULTING IN THE AFTERSHOCK REGION IT IS MOT POSSIBLE 
TO DETERMINE WHICH OF THESE PLANES IS THE FAULT PLANE. 
THEREFORE TIDAL STRESSES MUST BE COMPUTED FOR BOTH PLANES.
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